Several members of the ets gene family of transcription factors show negative regulation of DNA binding by intramolecular interactions. A structural mechanism for this auto-inhibition is investigated using a 161-residue N-terminal deletion mutant of murine Ets-1, Ets-1AN280. This protein shows a similar reduced affinity for DNA as native Ets-1 because it contains the ETS domain in context of the flanking amino-and carboxy-terminal regions that together mediate repression of DNA binding. The secondary structure of Ets-IAN280 was determined using NMR chemical shift, NOE, J coupling, and amide hydrogen exchange information. In addition to the winged helix-turn-helix ETS domain, Ets-1AN280 contains two a-helices in the amino-terminal inhibitory region and one a-helix in the carboxy-terminal inhibitory region. Chemical shift comparisons were made between this protein and an activated form of Ets-1 lacking the amino-terminal inhibitory region. The spectral differences demonstrate that the amino-and carboxy-terminal inhibitory sequences are structurally coupled to one another, thus explaining the observation that both regions are required for the repression of DNA binding. Furthermore, these data show that the inhibitory sequences also interact directly with the first helix of the intervening ETS domain, thereby providing a pathway for the repression of DNA binding. These results lead to a model of an inhibitory module in Ets-1 composed of both the amino-and carboxy-terminal regions interfaced with the ETS domain. This establishes the structural framework for understanding the intramolecular inhibition of Ets-1 DNA binding.
emerged demonstrating that transcription factors can also negatively autoregulate their own activity. This phenomenon of intramolecular inhibition is supported by a growing body of evidence suggesting that the functional characteristics of an isolated transcription factor domain can be different when compared with those of the intact protein. For example, deletions or mutations outside the DNA-binding domains of p53, NFKB, and TATA-Binding Protein (TBP) substantially alter the affinity of these regulatory proteins for DNA (Lieberman et al., 1991; Hupp et al., 1992; Grimm & Baeuerle, 1993) . In addition, trimerization of human and Drosophila heat shock transcription factors, HSF, is suppressed by intramolecular coiled-coil interactions (Rabindran et al., 1993) . Repression of the activation domain of the transcription factor CRP2 (CIEBPP) has also been shown to be modulated by adjacent sequences (Kowenz- Leutz et al., 1994; Williams et al., 1995) . These observations challenge the view of transcription factors as composite proteins comprised of autonomous functional domains. Furthermore, it stresses the importance of characterizing the domains from these proteins both in isolation and in their native structural context to understand fully the roles that they play in the regulation of gene expression.
The ets family of transcriptional regulators has emerged as a model system for the auto-inhibition of DNA recognition. Members of this family are characterized by a highly conserved 85-amino acid DNA-binding region termed the ETS domain (Karim et al., 1990; Macleod et al., 1992; Janknecht & Nordheim, 1993; Wasylyk et al., 1993) . Recent NMR studies have shown that the ETS domain is a winged helix-turn-helix DNAbinding motif (Donaldson et al., 1994, 19%; Liang et al., 1994a Liang et al., , 1994b . In several members of the ets family, the intrinsic DNAbinding activity of the ETS domain i s repressed by sequences that lie outside this domain. Specifically, deletion and partial proteolysis experiments demonstrate that the truncated ets proteins Sap-I, Elk-1, Erp, Net, Ets-I, and Ets-2 all have higher binding activity than the full-length native proteins (Dalton & Treisman, 1992; Hagman & Grosschedl, 1992; Lim et al., 1992; Nye et al., 1992; Wasylyk et al., 1992; Giovane et al., 1994; Janknecht et al., 1994; Lopez et al., 1994) .
Ets-1 , the founding member of the ets family, has been shown to contain inhibitory sequences amino-and carboxy-terminal to the ETS domain. Deletion of either region results in as much as a IO-20-fold increase in affinity for DNA (Hagman & Grosschedl, 1992; Lim et al., 1992; Nye et al., 1992; Wasylyk et al., 1992; Fisher et al., 1994; Petersen et al., 1995; Jonsen et al., 1996) . Several natural variants of Ets-1, differing in either the amino or carboxy sequences flanking the ETS domain, also display enhanced DNA binding. An alternatively spliced isoform of Ets-1, lacking exon VII, binds to DNA with high affinity (Wasylyk et al., 1992; Fisher et al., 1994) . This exon encodes the amino-terminal inhibitory sequence. The oncogenic viral form of Ets-I, v-Ets, contains a 16-amino acid substitution within the carboxy-terminal inhibitory sequence that also results in increased DNA-binding affinity (Leprince et al., 1983 (Leprince et al., , 1993 Nunn et al., 1983; Nunn & Hunter, 1989; Hagman & Grosschedl, 1992; Lim et al., 1992; Hahn & Wasylyk, 1994) .
A current model for Ets-1 auto-inhibition proposes that the inhibitory regions interact and together disrupt DNA binding by the intervening ETS domain (Jonsen et al., 1996) . To explore the structural basis of this intramolecular repression, we have characterized an inhibited deletion mutant of Ets-1 using NMR spectroscopy. This minimal-sized protein fragment, denoted as Ets-1AN280, was identified by partial trypsin proteolysis of native Ets-1 (Jonsen et al., 1996) . Ets-IAN280 contains residues 280-440 of Ets-I, including the ETS domain and both flanking inhibitory regions. Quantitative binding studies demonstrate that Ets-lAN280 and full-length Ets-1 are inhibited to a similar degree and make identical contacts to DNA (Petersen et al., 1995;  J.M. Petersen, Q.-P. Xu, B. J. Graves, unpubl. data).
The main-chain 'H, I3C, and "N resonances of Ets-1AN280 were assigned and its secondary structure determined using chemical shift, NOE, J coupling, and amide hydrogen exchange information. In addition to the three a-helices and four @-strands in the wHTH ETS domain, Ets-lAN280 is comprised of two a-helices and an unstructured region in the amino-terminal inhibitory sequence and one a-helix in the carboxy-terminal sequence. A comparison of the backbone chemical shifts of Ets-IAN280 were made with those of a high-affinity DNAbinding fragment, Ets-IAN33 1, that lacks the amino-terminal inhibitory residues (Donaldson et al., 1994; Petersen et al., 1995) . The spectral differences demonstrate that the amino-and carboxy-terminal inhibitory sequences are structurally coupled and that they interact with the ETS domain. This provides an explanation for the observation that both sequences are required for the repression of DNA binding and leads to a more explicit structural model to account for the mechanism of Ets-1 autoinhibition.
Results

Main-chain resonance assignments
Ets-IAN280 is a deletion mutant of murine Ets-1, composed of the 51-residue amino-terminal inhibitory region (Val 280-Thr 330), the ETS domain (Gly 331-Val 415), and the 25-residue carboxy-terminal inhibitory sequence (Cys 416-Asp 440). Asp 440 is the native carboxy-terminal residue of Ets-I. Using the methods described below, complete assignments were obtained for 139 of 150 expected backbone "NH signals in the IH-''N HSQC spectrum of Ets-lAN280 (Table 1 ; Fig. 1 ). Theseincludeall amide signals except those of Ser 282, Asp 284, Glu 289, Asp 290, Asn297,His298,Ile321,Asp398,Lys399,Gly407,andAsp417.
Each resolved H N signal has been accounted for, and thus the unassigned resonances are either in the extensively overlapped central region of the 'H-I'N HSQC spectrum or display low intensity. Four tryptophan "N"H signals were identified from characteristic 'H and "N chemical shifts and NOE connectivities. Nine I5NH2 signals expected for the four glutamine and five asparagine residues were identified but not completely assigned. The H' from the arginines exchange too rapidly with solvent at pH 7.1 and 32 "C to be observed. The completeness of backbone "N and H N assignment achieved was 93%, despite many overlapping signals of variable intensity in the 'H-I'N HSQC spectrum of this protein.
Absolutely key to the initial stage of the assignment strategy were IH-I'N HSQC spectra of selectively [a-"N]-Ala-, -Aspand -Asn-, -Leu-, -Lys-, -Tyr-, or -Val-labeled Ets-IAN280 proteins, as shown in Figure 2 . These spectra provided unambiguous markers in the primary structure for tracing the backbone assignments and helped to identify confidently peaks in the extensively overlapped regions of the spectrum of the uniformly "N-enriched protein.
After analysis of these selectively labeled proteins, 3D triple resonance HNCACB (Wittekind& Mueller, 1993) , CBCA(C0)NH (Grzesiek & Bax, 1992) , CBCACO(CA)HA (Kay, 1993) , and HNCO (Ikura et al., 1990) experiments were used to assign sequentially the backbone "N, H N , C", H", C', and side-chain Cp resonances of I3C/"N-enriched Ets-1AN280. The HNCACB correlates both the C" and Cp frequencies of residue ( i ) with the intraresidue "N and H N frequencies via the one bond I JCaN coupling constant (-11 Hz) and the "N and H N for the residue ( i + 1) via the two bond 2JcaN coupling constant . In contrast, the CBCA(C0)NH associates the C" and C p frequencies of residue ( i ) with the "N and H N for the residue ( i + 1). Using this approach, combined with selective a-"Nlabeling and the diagnostic C", C p , and, to a lesser extent, I5N chemical shifts for the different amino acids, we were able to identify and assign the I'N, H N , C", and Cp frequencies for most residues in Ets-lAN280. The HNCO spectrum was then used to correlate the "N and HN frequencies of residue (i) with the C' signal of residue (i -I), and the CBCACO(CA)HA spectrum was used to group the intraresidue C", Cp, H", and C' V280b  P281  S282  Y283  D284  S285  F286  D287  Y288  E289  D290  Y291  P292  A293  A294  L295  P296  N297  H298  K299  P300  K301  G302  T303  F304  K305  D306  Y307  V308  R309  D310  R311  A3 12  D313  L314  N315  K3 16  D317  K318  P319  V320  I321  P322  A323  A324  A325  L326  A3 27  G328  Y329  T330  G331  S332  G333  P334  I335  4336  L337  W338  4339  F340  L341 126. signals. This served to confirm the assignments deduced from the former two experiments, as well as to identify the Ha and C' resonances of each residue in the protein. Lastly, a limited number of additional side-chain proton and carbon assignments were obtained from a HCCH-TOCSY spectrum of Ets-1AN280. These resonance assignments, made independently of those previously reported for Ets-1AN331 (Donaldson et al., 1994) , are presented in Table 1 .
Confirmation of the triple resonance-derived assignments was accomplished using additional NMR experiments. Through analysis of a 3D "N-separated TOCSY-HSQC and NOESY-HSQC spectra, we identified the "N, HN, and H" frequencies for residues having resolved HN signals and extended the assignments to include side-chain Ha protons. Eleven proline residues in Ets-lAN280 broke the backbone into 12 segments that made identification of the residues preceding a proline unambig- uous. To address this issue, we used a modified 2D CBCACO (CA)HA experiment to correlate only the C p , C" , and Ha signals for the residues preceding a proline (Olejniczak & Fesik, 1994) . This helped to identify seven residues that precede prolines.
Secondary structure
After completion of the resonance assignments, we identified the regular secondary structural elements of Ets-1AN280 using information from secondary chemical shifts, main-chain NOEs, 3 J~~.~a scalar coupling constants, and amide hydrogen exchange rates (Fig. 3) . Strong sequential dNN(;,;+l) NOEs, medium duN(i,i+3) NOEs, small 3 J~~.~a coupling constants, slowly exchanging amide protons, downfield-shifted C" and C' frequencies (e.g., positive secondary shifts), and upfield-shifted Cp and Ha frequencies are diagnostic segments of helical structure (Wiithrich, 1986; Wishart & Sykes, 1994) . In contrast, @-strands are identified by strong sequential daN(i,i+l) NOEs, weak sequential dNN(i,;+l) NOEs, large 3 J~~.~o l coupling constants, slowly exchanging amide protons, upfield-shifted C" and C' frequencies, and downfield-shifted Cp and H" frequencies. Cross strand dNN(i,j) and NOEs reflect the pairing and alignment of extended strands within /3-sheets. Due to deviations from ideal geometry, the endpoints of helices and strands are often difficult to define accurately by these criteria. Stretches of residues lacking these characteristic NMR features were assigned as loops and disordered regions.
Ets-lAN280 is comprised of six distinct a-helices, defined by the data summarized in Figure 3 . Two of the helices, helix HI1 and helix HI2, are located in the amino-terminal inhibitory region, helices (Hl-H3) comprise the DNA-binding wHTH ETS domain, and helix H4 is situated within the carboxy-terminal inhibition region. To maintain a consistent nomenclature, helices Hl-H4 correspond to those previously identified in Ets-lAN331 (Donaldson et a!., 1994 (Donaldson et a!., , 1996 , whereas HI1 and HI2 designate the two helices identified in the amino-terminal inhibitory region. Helix HI1 extends from Thr 303 to Asp 310 and helix HI2 -.
-" -" " (weak/medium/strong) is reflected by the bar thickness (t,ix = 100 ms). Main-chain IH", I3Ca, I3C0, and 13C' chemical shifts are plotted as the difference from the corresponding random coil values (observedrandom coil shift; Wishart et al., 1992; Wishart & Sykes, 1994) . dNN(r,i+l)r duN(r,i+~), dwN(i,i+2,, and da~(i.i+3). RelativeNOE strength from Ala 323 to Ser 332. No slowly exchanging amide hydrogens are observed in helix HI1 or helix HI2 at 32 "C and pH* 7.1.
However, under these stringent conditions, the lifetime of an amide hydrogen in an unstructured polypeptide is short (e.g., millisecond timescale; Bai et al., 1993) . Helix HI extends from residues Leu 337 to Thr 346 and contains 10 slowly exchanging amide hydrogens. Helix H2 is comprised of residues Asp 369-Lys 377 and contains seven slowly exchanging amide hydrogens. Proline 368 defines the amino-terminal side of this helix. Helix H3 includes residues Tyr 386-Tyr 397 and contains a single slowly exchanging amide hydrogen. The final helix, H4, extends from Glu 427 to Asp 434 in the carboxy-terminal inhibitory sequence and also contains a single slowly exchanging amide hydrogen.
Five of the a-helices in Ets-1AN280 are amphipathic and one, helix HI2, is primarily hydrophobic. Modeling helix HI1 as a right-handed a-helix with standard geometry shows a small hydrophobic face formed with Phe 304, Tyr 307, and Val 308 and a more extensive hydrophilic surface formed with residues Thr 303, Lys 305, Asp 306, Arg 309, and Asp 310. In contrast, helix HI2 is comprised primarily of hydrophobic alanine and leucine residues and contains a single hydrophilic serine 332 at its carboxy terminus (see Fig. 8 ). Helices HI, H2, H3, and H4 show varying degrees of amphipathicity, consistent with their packing arrangement in the intact protein (Donaldson et al., 1996) .
A four-stranded antiparallel P-sheet, diagrammed in Figure 4 , is observed in Ets-1AN280. This &sheet can be described as being formed by two &hairpins, positioned in a side-by-side arrangement. The long-range doN, dNN, and d,, NOEs observed in the 2D 'H-IH NOESY and 3D "N-separated NOESY-HSQC spectra of Ets-lAN280 provide unambiguous evidence for the ( + 1, +2x, -1) alignment of the four strands in the order Sl-S2-S4-S3 (Richardson, 1981) . Helices H2 and H3, which form the HTH motif, lie between strands S2 and S3. Several segments of the backbone of Ets-lAN280 do not adopt a regular secondary structure and appear to exist in disordered conformations. The first -20 residues of the protein from V280 to P300 have many degenerate "N and H N signals (Fig. 1) . Indeed, 6 of the 10 amides in Ets-IAN280 with unassigned resonances are within this sequence. The C" , CD, C', and H" resonances assigned for the N-terminal residues of Ets-IAN280 show relatively small deviations from the expected "random coil" chemical shifts based on amino acids in model peptides (Fig. 3) . Although extensive HN and ISN degeneracy prevented the confident identification of NOEs to many of these H N signals, no evidence for any regular structure in this region was observed in the 3D "N-separated NOESY-HSQC spectrum of Ets-1AN280. Four prolines, Pro 281, Pro 292, Pro 296, and Pro 300, are contained in this amino-terminal sequence and undoubtedly contribute to the lack of regular secondary strut- Although it is possible that the residues preceding and following helix HI1 in the amino-terminal inhibitory region of Ets-IAN280 adopt static structures with backbone dihedral angles leading to apparent "random coil" chemical shifts, it is much more likely that these two sequences are conformationally disordered and undergo motions resulting in chemical shift averaging. This is consistent with the observed lack of protection from hydrogen exchange for the amides within these regions. Also, in sharp contrast to the regions of regular secondary structure in Ets-IAN280, the residues near the amino-terminus of Ets-1AN280 and between helices HI1 and HI2 show significant "N-('HJ heteronuclear NOEs. This indicates a high degree of internal mobility ( Fig. 3 ; Kay et al., 1989) .
On this note, several regions of Ets-IAN280 display very different effective NMR correlation times. We have observed up to -10-fold variation in signal intensity for nuclei located in different regions of the protein. For instance, the signals from nuclei in residues Asp 434-Asp 440 at the extreme carboxy-terminus of Ets-IAN280 are considerably sharper than those from the remainder of the protein. In addition, these residues show large negative ISN-( ' H ) heteronuclear NOEs. Together, this demonstrates that the carboxy-terminus undergoes fast local motions relative to the overall tumbling of the molecule. In contrast, signals from nuclei located in the loop from Gly 333 to Ile 335 that connects helix HI2 and HI, the loop from Asp 398 to Ile 401, connecting helix H3 with P-strand S3, and the sequence Ala 406-Tyr 410 that links strands S3 and S4, are weak or are not observed in a 'H-I'N HSQC spectrum. This may reflect internal motions in these regions on the intermediate time-scale that contribute to line broadening.
Discussion
Secondary structure of Ets-Im280: A wHTH motif flanked by helical inhibitory regions
Ets-IAN280 is an amino-terminal deletion mutant of murine Ets-1 that retains the low-affinity DNA-binding properties ex-hibited by full-length Ets-1. This fragment provides a model system for probing the structural origins of auto-inhibition. Using NMR spectroscopy, we have determined the secondary structure of Ets-lAN280 (Fig. 3) . At the core of Ets-lAN280 is the previously identified wHTH ETS domain (Donaldson et al., 1994 (Donaldson et al., , 1996 Liang et al., 1994a Liang et al., , 1994b . Flanking the ETS domain is helix H4 in the carboxy-terminal inhibitory region and two helices, HI1 and HI2, in the amino-terminal inhibitory region. Based on NMR criteria, the helical content of Ets-1 AN280 is approximately 35%, which is similar to that observed previously for Ets-lAN331 (Donaldson et al., 1994) . This is consistent with CD measurements showing that Ets-lAN280 and Ets-lAN331 have similar mean residue molar ellipticities [a] at 222 nm (Petersen et al., 1995) .
Comparison of Ets-IAN280 and Ets-1AN331: Evidence for direct interaction of the aminoand carboxy-terminal inhibitory regions
Key structural information regarding the mechanism of intramolecular inhibition is provided by a comparison of Ets-lAN280 and Ets-lAN331. This latter protein is a 110-residue deletion mutant of murine Ets-1 containing only the ETS domain and the 25-residue carboxy-terminal inhibitory region. The 3D structure of this protein has been determined by NMR methods ( Fig. 6 ; Donaldson et al., 1994 Donaldson et al., , 1996 . Ets-lAN331 lacks the aminoterminal inhibitory sequence and therefore binds to specific Ets-1 recognition sequences with approximately 15-fold higher affinity than either Ets-1AN280 or native Ets-1 (Jonsen et al., 1996; Petersen et al., 1995) .
The locations and topological arrangement of the four a-helices and four P-strands formed by residues 33 1-440 in the repressed (Ets-1AN280) and activated (Ets-lAN331) deletion mutants of Ets-1 are very similar (compare Figs. 3 and 4 with the corresponding figures in Donaldson et al. [1994] ). Therefore, the amino-terminal inhibitory region does not change the secondary structure of the ETS domain or the carboxy-terminal inhibitory region. This implies that the corresponding residues of Ets-1AN280 and Ets-lAN331 also adopt the same tertiary wHTH fold. Consistent with this conclusion is the observation that these two proteins bind specifically to the same Ets-1 promoter sequences and show identical patterns of DNA contacts (Petersen et al., 1995 ; J.M. Petersen, Q.-P. Xu, & B.J. Graves, unpubl. data).
To map the interactions between residues of the aminoterminal inhibitory region with those in the remainder of Ets-1AN280, we examined the chemical shift differences between corresponding main-chain I5N and H N nuclei in Ets-lAN280 and Ets-1AN331 (Figs. 5,6 ). Because the chemical shift of a nucleus is highly dependent upon its structural environment, shift perturbations are an exquisitely sensitive monitor of conformation changes. Large chemical shift differences between Ets-1AN280 and Ets-1AN331 (e.g., [ A S [ > 0.25 ppm and 1.0 ppm for H N and 15N, respectively) are observed for backbone nuclei clustered in several regions of the proteins. These include helix H1 and the sequence immediately amino-terminal to this helix, the carboxy-terminal end of helix H3, @-strand S3, and helix H4, and the loop linking this helix to the &sheet. The spectral differences show that the presence of the amino-terminal inhibitory region structurally perturbs these residues in Ets-1AN280 relative to Ets-1AN331. In contrast, nuclei from residues in @-strand S1 through the amino-terminal half of helix H3, including the HTH motif, have similar resonance frequencies, and thus similar structural environments, in the two Ets-1 fragments. The most striking conclusion from this comparison is that significant changes in the resonance frequencies from many residues in the carboxy-terminal region, as well as helix H1 of the ETS domain, arise from the presence of the amino-terminal inhibitory sequence in Ets-lAN280. This indicates that the aminoand carboxy-terminal inhibitory regions are indeed structurally coupled with one another and with the ETS domain. When the shift differences are mapped on the 3D model of Ets-lAN331, a plausible reason for the observed perturbations becomes apparent (Fig. 6) . Helices H1 and H4 are folded against one another in an antiparallel fashion and lie across the P-sheet scaffold of the ETS domain. Structural elements from the aminoterminal inhibitory sequence could pack upon the surface formed by H1 and H4, thus accounting for the pronounced spectral changes observed for the residues forming these helices. Because the secondary structures of Ets-1AN280 and Ets-1AN331 are similar, we propose that the perturbations of the chemical shifts of these residues are caused by direct interactions with the amino-terminal inhibitory sequence. The additional chemical shift perturbations observed for nuclei in the P-sheet, the end of helix H3, and the loop before helix H4 are attributed to structural changes propagated through the residues on the surface formed by helices HI and H4.
Thermodynamic stability measurements of the Ets-1 deletion mutants further indicate that the amino-terminal inhibitory region interacts with the ETS domain and the carboxy-terminal residues. Ets-IAN280 exhibits a single sharp transition in its thermal denaturation curve with an apparent T, of -54 "C at pH 6.3 as monitored by CD. In contrast, the apparent T,,, for Ets-IAN331 is -45 "C under the same conditions (L.W. Donaldson, unpubl. data). These results imply that the amino-terminal inhibitory region stabilizes the structure of Ets-lAN280 and support the conclusion that the inhibitory regions are cooperatively folded with the ETS domain to form a single structural domain.
Structural model for Ets-IN280: A helical bundle interfaced with the ETS domain
A model for the inhibition "module" of Ets-1AN280 invokes packing of helices HI1 and HI2 on helices HI and H4 to form a helical bundle. This bundle folds along one side of the ETS domain with H I shared between the inhibitory module and the ETS domain as a common secondary structural element. The helix(H2)-turn-helix(H3) DNA-binding motif is not contacted directly by HI1 or HI2 from the amino-terminal inhibitory region (Figs. 5, 6 ). Helices HI and H4 are antiparallel in the 3D structure of Ets-lAN33 1 and are undoubtedly arranged similarly in Ets-IAN280 (Fig. 6) . Helices HI2 and HI are separated by only four residues and thus are most probably packed in an antiparallel fashion. Although we have not determined the orientation of helices HI1 and H12, the predominantly hydrophobic helix HI2 should be in a buried environment to minimize solvent accessibility, whereas the amphipathic helix HI1 could be located on the surface of the protein (Fig. 8) . The 12-residue loop between these two provides significant conformational freedom such that HI1 could lie parallel or antiparallel to H12. The disordered residues at the amino-terminus of Ets-IAN280 are not expected to contribute to the structure of the inhibitory helical bundle. Consistent with this conclusion is the recent finding that Ets-lAN301, which lacks residues 280-300, is inhibited to the same degree as Ets-IAN280 (N. Heaps, L.W. Donaldson, & B.J. Graves, unpubl. data).
Structural model for the auto-inhibition of Ets-I
NMR analysis of Ets-lAN280provides four key findings relevant to the phenomenon of Ets-1 auto-inhibition of DNA binding.
First, the secondary structural elements of the amino-terminal inhibitory region are identified. Second, structural coupling between the amino-and carboxy-terminal inhibitory regions is demonstrated. Third, evidence for coupling between both inhibitory regions and the ETS domain is presented. Finally, the position of the inhibitory regions with respect to the DNA-binding HTH motif is described.
The significance of these new findings is best understood within the context of the model of inhibition presented in Figure 7 . In this figure the proposed helical bundle that constitutes the inhibitory module (HI 1-HI2-H 1-H4) is illustrated schematically. The HTH and 6-sheet structures of the ETS domain are represented as a globular DNA-binding domain. The repressed fragment, Ets-lAN280, has the helical bundle intact. The two activated fragments, Ets-1AN331 (Donaldson et al., 1996; Petersen et al., 1995) and Ets-1AC428 (Jonsen et al., 1996) , have the bundle disrupted due to the lack of either the amino-or carboxyterminal inhibitory region, respectively. Upon DNA binding, the repressed protein Ets-1 AN280 undergoes a conformational change involving the unfolding of HI1 (Petersen et al., 1995) . This same conformation is adopted constitutively by the high- 
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High Amnitg U Fig. 7 . A: Schematic representation of the secondary structure of Ets-1AN280. a-Helices are denoted by cylinders and the &strands by arrows. Helices HI1 and HI2 in the amino-terminal inhibitory region and H4 in the carboxy-terminal inhibitory region are solid black, whereas the elements of the ETS domain are shaded gray. Zig-zag line represents the conformationally disordered residues in the amino-terminal region. Asterisks (*) indicate the locations of residues showing enhanced sensitivity to proteolytic cleavage due to DNA binding by Ets-IAN280 (Petersen et al., 1995) or deletion of the final 12 carboxy-terminal residues in Ets-l (Ets-IAC428; Jonsen et al., 1996) . 9: A model for intramolecular inhibition of Ets-l DNA binding. Helices HI 1, H12, HI, and H4 are indicated by cylinders and the remainder of the ETS domain by a shaded oval. Possible DNA contacts include the helix(H2)-turn-helix(H3) motif as well as the N-terminus of HI (not shown for clarity). Residues 1-279 of Ets-IAC428 are represented by the hatched box. In solution, Ets-1AN280, or native Ets-I, exists predominantly in a low-affinity form in which helices HI1. HI2, and H4 in the amino-and carboxy-terminal inhibitory regions, respectively, are packed with helix HI of the ETS domain to form a four-helix bundle-like structure. DNA binding by Ets-IAN280 is accompanied by a conformational change involving the unfolding of HI1 (denoted by the changes in the shape of the oval and the shading of cylinders) (Petersen et al., 1995) . Refolding of HI1 restores the structure of the inhibitory module and leads to dissociation from DNA. Ets-IAN331, which lacks the amino-terminal inhibitory region, and Ets-lAC428, which lacks the final 12 residues of the carboxy-terminal inhibitory region, exist constitutively in this altered conformation and thus bind DNA with high affinity (Jonsen et al., 1996) . affinity fragments, Ets-lAN331 and Ets-lAC428 (Jonsen et al., 1996) . The mechanistic basis for auto-inhibition will be presented after the supporting structural and biochemical studies for this model are summarized. The first key feature of the model is that the amino-and carboxy-terminal inhibitory regions operate in a concerted fashion to reduce the affinity of Ets-1 for DNA. Our NMR analysis demonstrates that the chemical shifts of residues in the carboxy-terminal inhibitory region, including helix H4, are perturbed by the presence of the amino-terminal inhibitory sequence. This provides strong evidence for a direct structural coupling between the carboxy-and amino-terminal inhibitory regions. This structural coupling is supported further by the observation that deletion of the C-terminal residues of Ets-1, yielding the high-affinity mutant Ets-1AC428, results in the enhanced sensitivity of the amino-terminal inhibitory region to proteolysis ( Fig. 7 ; Jonsen et al., 1996) . The intramolecular interactions between the amino-and carboxy-terminal inhibitory sequences explains how these two regions exert their effect cooperatively. Additional evidence for cooperative interactions at a functional level includes the finding that removal of both inhibitory regions generates a minimal 85-residue ETS domain polypeptide with DNA-binding properties similar to Ets-lAN331 or Ets-lAC428, which have only one of the two inhibitory regions deleted (Jonsen et al., 1996) .
The structural coupling of the inhibitory module to the ETS domain is an equally important feature of the model. Studies of several wHTH proteins indicate that DNA binding by Ets-1 is mediated by the HTH motif with possible additional interactions provided by the N-terminus of helix H 1 and one or more loops ("wings") extending from the 0-sheet scaffold (Schultz et al., 1991; Brennan, 1993; Clark et al., 1993; Liang et al., 1994b) . The NMR-derived structure of Ets-lAN331 shows that H1, the first helix of the ETS domain, contacts H4
in the C-terminal inhibitory region ( Fig. 6 ; Donaldson et al., 1996) . Also, the comparison of Ets-lAN280 and Ets-1AN331 demonstrates that helices HI1 and HI2 in the amino-terminal inhibitory region affect the chemical shifts of residues in H1. Helix H1 is clearly structurally linked to the HTH motif, as well as being positioned within the ETS domain to contact DNA (Liang et al., 1994b) . Therefore, the connection of the amino-and carboxy-terminal inhibitory regions to helix H1 provides a structural pathway for these inhibitory sequences to influence DNA binding by the ETS domain. Importantly, these data support an allosteric model, as diagrammed in Figure 7 , in which the inhibitory module does not directly mask the helix(H2)-turn-helix(H3) DNA-binding surface of the ETS domain but rather incorporates H1 as a common element of both the DNA-binding domain and the inhibitory module.
A third feature of the model for auto-inhibition involves the coupling of DNA binding to the local unfolding of the aminoterminal inhibitory region. The identification of helix HI1 within this region was a key step in understanding this observation.
Two approaches independently detected a conformational change in the amino-terminal inhibitory region upon DNA binding (Petersen et al., 1995) . Specifically, DNA binding by Ets-lAN280 is accompanied by (1) an enhanced susceptibility to proteolysis at residues 305-3 12, and (2) a reduction in CD ellipticity [@] at 222 nm. As summarized in Figure 3 , Thr 303-Asp 310 form helix HIl. Unfolding of this helix accounts for the observed reduced ellipticity and enhanced protease sensitivity. This structural transition is predicted to disrupt the packing of the inhibitory module. The low-affinity proteins Ets-1AN280 and native Ets-1 sample this conformation only in the presence of DNA. However, this alternative state, as detected by protease sensitivity, is constitutively adopted by the high-affinity fragment Ets-lAC428, in which the C-terminal inhibitory region is deleted (Jonsen et al., 1996 ; Fig. 7) . Thus, the model of auto-inhibition proposes that DNA binding triggers a change in the ETS domain that leads to the local unfolding of helix HI1 and disruption of the inhibitory module.
The coupling of the two inhibitory regions with each other and with the ETS domain provides the structural framework for understanding Ets-1 auto-inhibition. The interactions between the amino and carboxy inhibitory regions and helix H1 of the ETS domain form an inhibitory module that compromises the interactions between Ets-1 and DNA. High-affinity binding, as seen with derepressed Ets-lAN331 and Ets-lAC428, results from elimination of the link between the inhibitory regions and the ETS domain. DNA binding by the low-affinity fragments, such as native Ets-1 and Ets-lAN280, is accompanied by a conformational change involving the unfolding of helix HI1 and disruption of the inhibitory module. Refolding of HI 1 promotes reassociation of the inhibitory regions and leads to dissociation from DNA. This model is consistent with the crucial finding that repressed and derepressed fragments of Ets-1 differ most dramatically in the dissociation rate rather than association rate of the DNA-protein complex (Jonsen et al., 1996) . Refinement of this model of auto-inhibition will follow from further NMR characterization of the low-and high-affinity fragments of Ets-1 in the absence and presence of DNA.
Implication of the model to Ets-I-related polypeptides
Our NMR data also provide a structural basis for understanding how two natural variants of Ets-1 attain high-affinity interactions with DNA. An alternatively spliced isoform of Ets-1 lacking exon VI1 binds DNA with higher affinity than the full-length protein (Fisher et al., 1994) . The two amino-terminal inhibitory helices, HI 1 and H12, are encoded by exon VI1 and consequently are absent in this Ets-1 isoform (Jorcyk et al., 1991) . The oncogenic form of Ets-1, v-Ets, contains a 16-amino acid substitution within the C-terminus that also results in de-repression of DNA binding (Hagman & Grosschedl, 1992; Lim et al., 1992; Hahn & Wasylyk, 1994) . This substitution is predicted to prevent the formation of the inhibitory helix, H4 (Donaldson et al., 1996) . Therefore, the structural elements, demonstrated here to constitute the inhibitory module (HIl-H12-Hl-H4). are either lacking or disrupted in these high-affinity Ets-1 variants.
Ets-2, an ets family member closely related to Ets-1, also displays auto-inhibition of DNA binding (Hagman & Grosschedl, 1992) . A comparison of the sequences of Ets-1 inhibitory elements (HIl-HI2-Hl-H4) with the same regions in Ets-2 provides an explanation for this behavior. Alignment of the Ets-1 and Ets-2 sequences indicates that the amino acids flanking the amino-and carboxy-termini of the ETS domains of these two proteins are conserved (Fig. 8) . More importantly, the charge properties and hydrophobicities of residues within the regions shown to form a-helices in Ets-1 are strikingly similar. This is readily seen on the helical wheel diagrams displayed in Figure 8 . We therefore propose that DNA binding by Ets-2 also is negatively regulated by an inhibitory module similar in structure to that described for Ets-1.
Summary
Auto-inhibition coupled with its derepression by allosterically induced conformational changes is a widespread mechanism for the control of biological processes. In this study, we have determined the secondary structure of Ets-lAN280, a low-affinity deletion mutant of Ets-1 and demonstrated that the helices in the amino-and carboxy-terminal inhibitory regions are coupled to one another and to the intervening ETS domain. This also led to the identification of an cy-helix in the amino-terminal inhibitory region as the element of Ets-IAN280 that undergoes a conformational change upon DNA binding. These findings provide a structural framework for interpreting data derived from extensive genetic and biochemical studies of Ets-1 autoinhibition. A model involving intramolecular interactions and conformational change as the basis for auto-inhibition is strongly supported. In vivo, repression of Ets-1 DNA binding could be regulated by proteolysis, alternative splicing, posttranslational modifications, or protein-protein associations that influence the coupling of the amino-and carboxy-terminal inhibitory regions with the ETS domain. This study also exemplifies how the structural and functional characteristics of a transcription factor domain can be modulated by intramolecular interactions within the native protein.
Materials and methods
Recombinant protein expression and purification
The gene encoding residues 280-440 of murine Ets-1 (Ets-1AN280) was expressed in Escherichia coli BL21 cells under the control of the T7 promoter in the plasmid pET3 (Petersen et al., 1995) . Cell growth was conducted in 1-1.5-L volumes of media in a water-jacketed 3-L benchtop fermenter (Virtis, Inc.). The broth was continuously stirred at 37 "C with a constant supply of 0.2-micron filtered air and the pH was adjusted manually to 7.1 with additions of sterile 0.1 M NaOH. Cells were induced with 1 mM IPTG at OD, -0.8, grown for an additional 4 h, and then harvested. The isolation and purification of Ets-IAN280 is described elsewhere (Petersen et al., 1995) . Uniformly "N-labeled protein was prepared from cells cultured in M9 minimal media containing 1 -Tyr-, or -Val-labeled proteins were prepared in E. coli BL21 using the protocol described by and . The final yield of Ets-IAN280 was -8.0 mg/L of bacterial culture, using a calculated = 3.64 X IO4 M-I cm" in 6 M guanidinium hydrochloride (Edelhoch, 1967) . Purity was determined to be greater than 95% for all Ets-1 AN280 preparations as judged by SDS-polyacrylamide electrophoresis. Equilibrium ultracentrifugation of 12 pM Ets-lAN280, in the identical buffer conditions used for NMR studies, showed that the protein migrates as a monomer with a molecular weight of 18.1 kDa. The first five residues of unlabeled AN280, produced in rich media, were Pro-Ser-Thr-Asp-Ser as determined by Edman sequencing. Therefore, the initial Val 280 encoded by the gene for Ets-1AN280 and the amino-terminal Met from the expression plasmid were removed by posttranslational processing. However, a low level of incomplete amino-terminal processing was observed for Ets-IAN280 produced in minimal media, as evident by a weak signal detected from the amide of Val 280.
NMR spectroscopy
NMR experiments were performed on a Varian Unity 500 NMR spectrometer equipped with three radio frequency channels and a pulsed-field gradient accessory. IH and I3C chemical shifts were referenced to an external sample of DSS at 0.00 ppm for both nuclei, and 15N chemical shifts to an external sample of 2.9 M I5HN4C1 in 1 M HCl at 24.94 ppm relative to liquid ammonia. NMR data were processed and analyzed using FELIX version 2.3 software (Biosym Technologies, San Diego, California). Acquisition and processing details for NMR experiments are presented in Table 2 .
Solution conditions
Except when stated othel W I S C , identical buffer conditions (25 mM sodium phosphate, pH 7.1, 450 mM potassium chloride, 1.0 mM DTT, 0.01% sodium azide, 10% 'HzO or 99% 'H'O, 32 "C) were used for all Ets-1AN280 samples. These conditions differ slightly from those used previously with the smaller Ets-1 fragment, Ets-IAN331 (pH 6.45, 20 "C; Donaldson et al., 1994) but do not cause any appreciable changes in the chemical shifts of either protein. To partially offset the broad resonances from the nuclei in the 18-kDa Ets-lAN280, an elevated temperature of 32 "C was chosen for most measurements. The stability of Ets-1AN280 is highest near neutral pH, leading to the selection of pH 7.1. At this pH and temperature, the chemical exchange rate of amide hydrogens with bulk solvent is fast enough to reduce the signal intensity for the amide protons significantly. Therefore, gradient-enhanced NMR experiments that minimally perturbed the magnetization of water were absolutely essential for these studies (Grzesiek & Bax, 1993; Zhang et al., 1994) . High ionic strength solution conditions of -500 mM monovalent salt are required for the solubility of Ets-1AN280. Based on the solution structure of Ets-lAN331, there are distinct regions of negative and positive charges on the surfaces of these proteins that may result in the need for high salt concentrations to screen intermolecular electrostatic interactions (Donaldson et al., 1996) . 'H-'H 2 0 NMR spectroscopy 2D NOESY (Macura et al., 1981) and clean-TOCSY (Griesinger et al., 1988) experiments were recorded on unlabeled Ets-IAN280 in 99% 'H20. Low-power continuous radiofrequency irradiation with the carrier placed on the water resonance (4.70 ppm at 32 "C) was used to suppress the residual water signal. The NOESY spectrum was recorded with a 100-ms mixing time and the TOCSY was acquired with a 48 ms clean MLEV-17 mixing sequence. The ratio of clean-TOCSY delay to the mixing 90" pulse length was 1.5 with an average rf power for the spinlock of 8.8 kHz. Quadrature detection in tl was accomplished using the method of States et al. (1982) .
Heteronuclear 2 0 'H-"N NMR spectroscopy 2D 'H-I5N HSQC spectra (Bodenhausen & Ruben, 1980) were acquired from uniformly "N-or 13C/15N-labeled or selectively a-15N-Ala-, -Am-and Asp-, -Leu-, -Lys-, -Tyr-, or Structural coupling of Ets-1 auto-inhibitory regions 307 
